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Abstract 

Improving the productivity of cropping systems in terms of irrigation water use 
and nitrogen (N) fertilizer and exploring the associated effective physiological 
traits are priorities mostly in water-limited areas. Therefore, this field experiment 
was conducted on a clay loam soil (thermic family of Typic Haplargids) in central 
Iran with the three planting dates of 2016 (June 30), early 2017 (June 10), and 

late 2017 (July 11). Three forage sorghum genotypes including SF002, SFO01, 

and Pegah, three grain sorghum genotypes of MGS5, GS24, GS28, and one 
common corn hybrid were grown under two irrigation regimes (55% and 85% 

of the maximum allowable depletion - MAD) as well as two N levels (0 and 112.5 
kg N ha“! in the form of urea, 46% N). The results showed considerable genetic 
variation among the sorghum genotypes in terms of yield. Due to water-limited 
conditions, the grain and biomass yields of the corn hybrid were decreased more 
those of sorghum genotypes. However, higher potential sorghum genotypes 
recorded total dry biomass (shoot biomass and grain yield) values similar to those 
of corn under both normal and deficit irrigation regimes. On the other hand, the 
grain share of the total biomass in the corn hybrid was higher in the two irrigation 
regimes. Under deficit irrigation, the use efficiency values of irrigation water 
(IWUED) and N fertilizer (NUEb) for the biomass yield in Pegah and GS24 were 
higher than those in the corn hybrid. However, IWUEg and NUEg in corn were 
significantly higher under both irrigation regimes compared to those recorded 
for even the high-yield potential genotypes of the grain and forage sorghum. The 
positive effects of N application on the plants declined under water-limited stress, 
but the negative effects of water deficit stress were reduced with N application, 
while dry matter and grain yield increased as a consequence of the increase in the 
maximum leaf area index, chlorophyll a, chlorophyll b, and carotenoid contents, 
as well as the enhanced antioxidant activities of catalase, ascorbate peroxidase, 
and peroxidase enzymes. It can be concluded that the corn-based planting system 
is superior to sorghum even under low irrigation conditions, and N supply could 
moderate the negative effects of water shortage stress on plant growth. 


Keywords 
chlorophyll a/b ratio; deficit irrigation; genetic diversity; LAI nax; nitrogen use 
efficiency 


1. Introduction 


Despite severe water scarcity in arid and semiarid regions of the world (Food and 
Agriculture Organization of the United Nations, 2011), more than 90% of the 
water resources in these regions are usually consumed by the agricultural sector 
(FAO, 2017b). However, this sector is losing much of its share of water each year 
due to increasing drought events, global climate change, and population growth 
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(Belesky & Malinowski, 2016; FAO, 2017a; Mancosu et al., 2015; Prazak, 2016). 
These conditions warrant the development of management strategies and practices, 
including deficit irrigation approaches to improve irrigation water use efficiency 
(IWUE) (Pang et al., 2018) and to achieve stabilized crop yields (Geerts & 

Raes, 2009). Accordingly, a number of researchers have investigated the effects of 
deficit irrigation on crop growth and yield (e.g., Tabib Loghmani et al., 2019; Yousefi 
et al., 2018). Farré and Faci (2006) studied the yield responses of corn and sorghum 
to deficit irrigation on a loam soil in northeast Spain and found that while corn 
yield was higher than that of sorghum under a normal irrigation regime, sorghum 
outperformed corn under moderate or even severe water-limited stress conditions. 


Despite reports indicating improved crop yields and related physiological properties 
due to the use of nitrogen fertilizer under normal irrigation (Farooq et al., 2009), 
conflicting results have been reported regarding the effects of nitrogen (N) 
application under deficit irrigation regimes. Some studies have shown that deficit 
irrigation reduces the N uptake of plants (Geerts & Raes, 2009; Pandey et al., 2000). 
For instance, Di Paolo and Rinaldi (2008) found a significant interaction between 
nitrogen application and irrigation regarding grain yield and water use efficiency 
(WUE) in corn. Furthermore, Maharjan et al. (2016) evaluated the yield response of 
corn grown on Hubbard loamy sand in Minnesota, USA, to N management under 
both full irrigation and water stress conditions. Their results showed that, regardless 
of the significant differences observed in crop yield, the optimum N application rate 
was not affected by water management. Rimski-Korsakov et al. (2009) also reported 
that water-limited stress decreased the aboveground biomass production of corn, 
independent of the applied N fertilizer levels. In addition, they showed that the N 
uptake from the fertilizer under water-limited conditions did not depend on the 

N application rate; rather, it was dependent on the application rate under normal 
irrigation. 

Given the significant relationship between the nutrient level and soil moisture, 

it has been recommended that a proper balance should be struck between soil 
moisture and nutrient levels (Farooq et al., 2009; Saravia et al., 2016). This is 
because the photosynthetic pigment content in leaves is adversely affected by 

the environmental stress and a lack of nutrients, especially N. Thus, accurate 
estimation of the leaf photosynthetic pigment content can directly influence stress 
management and decisions regarding fertilizer application (Shah et al., 2017; Yosefi 
et al., 2018). Another practice commonly recommended for areas with limited water 
resources is the use of drought-tolerant plants such as sorghum instead of corn 
(Farré & Faci, 2006) to supply the forage required for silage preparation in animal 
farm units. A 5-year study by Amaducci et al. (2016), for example, revealed the 
superiority of sorghum in terms of yield and water use efficiency over corn, even 
under well-irrigated conditions. Araya et al. (2016) also showed that, compared 

to corn, grain sorghum could be a desirable substitute crop for cultivation under 
water-scarce conditions in Kansas as it would reduce the potential risks to farmer 
income levels over time. Further, Kisekka et al. (2016) indicated the potential for 
improving sorghum grain yield under limited irrigation; however, they found that 
the replacement of sorghum for corn would not be readily welcomed by local users 
for silage production because of the long storage capacity of corn silage. 


Given the priority of improving the productivity of cropping systems in terms of 
irrigation water use and the level of the most important macronutrient, N, mainly in 
water-limited areas, the present study was conducted to: (i) evaluate the productivity 
of different cropping systems depending on the field crop, including corn, grain, and 
forage sorghum, under diverse irrigation regimes and N supplies; and (ii) to identify 
the effective physiological traits of crop performance in each cropping system. 


2. Material and Methods 
2.1. Site Location and Experimental Conditions 


A field experiment was conducted during the growing season, from June to August, 
in 2016 and 2017 at the Research Farm of Isfahan University of Technology (32°32’ 
N and 51°23’ E; altitude of 1,630 m above sea level; mean annual temperature of 
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14.5 °C; mean annual precipitation of 140 mm), located in Lavark, Najaf Abad, 
Isfahan, Iran. In the first year (2016), sorghum genotypes were planted on June 30, 
while the planting dates in the second year consisted of June 10 (early 2017) and July 
11 (late 2017). The mean air temperatures during the growing seasons were recorded 
at 25.5 °C in 2016, and 26.6 °C and 24.1 °C on the planting dates of June 10 and July 
11, 2017, respectively (Table 1). 


Table 1 Monthly mean, minimum, and maximum air temperatures; total rainfall; and evaporation during the growing 








seasons. 
Month 2016 2017 

T max T min Rainfall Pan T max T min Rainfall Pan 

(°C) (°C) (mm) evaporation (°C) (°C) (mm) evaporation 

(mm) (mm) 

June 33.87 18.09 0 375 34.86 19.56 0 380 
July 38.17 22.65 0 409 36.01 20.6 0 392 
August 34.2 18.58 0 301 34.21 18.75 0 313 
September 33.51 17.37 0 285 31.89 15.83 0 248 
October 25.8 10.3 0 158 27.01 10.14 0 176 





Sowing dates: June 30, 2016; early 2017, June 10; late 2017, July 11. 


2.2. Experiment Design and Treatments 


The experiment was carried out as a split-split-plot based on a randomized complete 
block design with three replications. The experimental treatments included the 
three planting dates of June 30, 2016 (E1), June 10, 2017 (E2), and July 11, 2017 (E3), 
hereafter referred to as growth environments, two irrigation regimes (normal - NI; 
deficit irrigation - DI); two N supplies (0 and 112.5 kg N ha‘! in the form of urea, 
46% N); six sorghum cultivars (three forage sorghum cultivars, including SF002, 
SF001, and Pegah, as well as three grain sorghum cultivars, including MGS5, GS24, 
GS28); and one common corn hybrid of Maxima (the mid-maturity groups, FAO 
580). 


Land preparation was based on deep plowing in the fall, ciclo tiller (power harrow), 
and leveling operations in the spring. In each sowing date mentioned above, corn 
hybrid and sorghum genotypes were used as the sub-sub-plots to be planted under 
two levels of N (0 and 112.5 kg ha~!; N from urea fertilizer; N = 46%) as the sub- 
plots and two irrigation regimes (55% and 85% of maximum allowable depletion) as 
the main plots. Each experimental unit (the sub-sub-plot) included four rows (two 
border lines and two harvest lines), each 4 m in length, at a between-row spacing of 
0.70 m. The distance between two consecutive plants in each row was 0.06 m and 
0.08 m for sorghum and corn, respectively. In addition, the distance between the 
main plots was 2 m? in each repetition. 


In the first year (2016), chemical weed control was performed at the four-leaf stage 
using dichlorophenoxyacetic acid (Ariashimi, Iran) herbicide at 2 L/ha™!. In the 
second year (2017), the herbicides Atrazine and Acetochlor 50%, an Emulsifiable 
Concentrate (EC) formulation (Ariashimi) were used after the first irrigation 

at doses of 1.5 kg and 2.5 L/ha™!, respectively. In addition, pest control was 
accomplished in both study years using Imidacloprid (Ariashimi) at a dose of 700 
cc per ha. 


2.3. Irrigation Regimes 


Irrigation levels were determined based on maximum allowable depletion (MAD) 
from soil water (ASW). This led to the control irrigation of 55% MAD (NI) and the 
water-limited stress of 85% MAD (DI). From the start of the experiment until the 
plants were established, both the NI and DI environments were irrigated at the same 
time to meet their plant irrigation needs. The irrigation regimes were executed after 
the six-eight-leaf stage. 


Daily weather data from the Najaf-Abad Synoptic Station, FAO-Penman-Monteith 
equation, and sorghum crop coefficient for the different stages of growth (Allen et 


Acta Agrobotanica / 2020 / Volume 73 / Issue 4 / Article 7342 
Publisher: Polish Botanical Society 


Asadi and Eshghizadeh / Sorghum and Corn Under Different Water and Nitrogen Regimes 


al., 1998) were used to determine the soil moisture depletion, based on the sorghum 
evapotranspiration during the growing season. The experimental plots were irrigated 
using the MAD threshold values computed for each irrigation treatment using the 
following equation (Kiani et al., 2016): 


Dirrig _— Of _ (Of = Opwp) x MAD, 


where Oirrig (m3/m7?) is the threshold of soil water content at the irrigation time 

for the selected MAD; 0 and Opwp represent soil water content at field capacity 
(m?/m3) and at wilting point (m?/m?), respectively; and MAD is the fraction of total 
available water (TAW; in this study, 55% and 85%) that can be depleted from the 
root zone. The irrigation depth was estimated based on the soil water content using 
the following equation (Kiani et al., 2016): 


Dirrig = (Ofc _ Qavg) x Le 


where Dirrig (cm) is the irrigation depth, Qayg is the soil water content in the root 
zone before irrigation (m3/m*), and Ze is the root depth (cm). 


Drip irrigation tapes (16 mm in diameter) containing polyethylene drippers were 
fixed alongside each planting row at 15 cm from each other. The flow rate at each 
dripper was set to 1.3 L/hr. The irrigation quota was controlled using a ball valve and 
a volumetric counter in each experimental plot. 


The overall quantities of water consumed in 2016 under the normal and deficit 
irrigation regimes were 5,670 and 4,588 m? ha“!, respectively. Those consumed in 
2017 amounted to 5,546 and 4,663 m? ha“', respectively, under the same regimes in 
El (early 2017) and to 5,126 and 4,117 m? ha‘, respectively, in E2 (late 2017). 


2.4. Nitrogen Levels 


The soil field was tested prior to N application in both the experimental years of 
2016 and 2017. Soil texture was identified as clay loam and its N content in 2016 
was measured at 0.03% total N or 105.3 kg ha“, while that in 2017 was measured 

at 0.02% total N or 70.2 kg ha7! of the 0-30 soil depth (Table 2). Accordingly, 

two N levels of 0 (No) and 112.5 (Ni) kg N ha“! in the form of urea (46% N) were 
considered. The latter was applied by drip fertigation at the three stages of two to 
four leaves, stem elongation, and heading growth. Fertilizers containing phosphorus 
and potash elements were not used because of the appropriate amounts of these 
elements in the soil (Table 2). 


Table 2 Some physicochemical properties of the 0-30 cm soil depth of the study area. 








Year Soil texture pH EC (dSm7!) P (mg kg7!) K (mg kg7!) Total N (%) Organic carbon (%) 
2016 Clay loam vis 2.16 48.7 325 0.03 0.54 
2017 Clay loam 7.3 1.74 67.5 360 0.02 0.61 





2.5. Measurement of Traits 


Growth responses of the two sorghum genotypes and one corn hybrid of Maxima to 
normal and deficit irrigation regimes were assessed under different N supplies and 
the three planting dates. Flag-leaf samples collected at the flowering stage were used 
to determine changes in the biochemical and agronomic traits, including maximum 
leaf area, maximum quantum yield of photosystem II, chlorophyll, carotenoid 
content, antioxidant enzyme activities (i.e., catalase, ascorbate peroxidase, 

and peroxidase), and both shoot biomass and grain yield irrigation and N use 
efficiencies, while those of grain and biological yields were measured at maturity. 

A detailed description of each measurement is provided below. 
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2.5.1. Maximum Leaf Area Index 


The maximum leaf area index (LAI max), defined as the ratio of maximum leaf area 
(LAmax) to the ground area (GA), and was reported as square meters per square 
meter (Addai & Alimiyawo, 2015). 


tAlne= Se 
LAI max at the flowering stage in the first year was measured by selecting four plants 
from each plot using an electronic leaf area meter (WinArea- UT- 11, Iran). In the 
second year, the leaf area was measured using a nondestructive method, and the data 
obtained was multiplied by a coefficient of 0.73, which is the standard coefficient 
calculated for converting leaf area by multiplying length by width relative to the leaf 
area measured by an electronic leaf area meter based on 20 different leaves. 


2.5.2. Maximum Quantum Yield of Photosystem Il, Fv/Fm Ratio 


The Fv/Fm ratio represents the maximum quantum yield of photosystem II, which 
is, in turn, highly correlated with the quantum yield of net photosynthesis. The 
Fv/Fm ratio is measured in a nonfunctional, dark-adapted state (Sayed, 2003). 

For this purpose, three youngest and fully expanded topper leaves were chosen 
from each plot and adapted to the dark for approximately 25 min. Chlorophyll 
fluorescence was measured between 10:00 a.m. and 12:00 p.m. using a portable 
fluorescence spectrometer (Opti-Sciences, Hudson, NH, USA). 


2.5.3. Chlorophyll and Carotenoid Contents 


Leaf chlorophyll (Chl) and carotenoid (Car) contents were measured according to 
Arnon’s (1967) method. Briefly, fresh leaf samples (0.3 g) were cut and extracted 
in 80% acetone at —4 °C. The extract was centrifuged at 10,000 x g for 5 min. 

The absorbance of the supernatant was read at 645, 663, and 470 nm using a 
spectrophotometer (model U-1800; Hitachi, Tokyo, Japan). The Chl and Car 
concentrations were estimated using the following formulae: 


Chl a (mg/g FW) = [(12.7 x Absge3) — (2.6 x Abseas)| x mL acetone/mg, 


Chl b (mg/g FW) = [(22.9 x Absgas) — (4.68 x Absee3)] x mL acetone/mg, 


Total Chl (mg/g FW) = [(20.2 x Absea5) + (8.02 x Absgg3)] X mL acetone/mg, 


Car (mg/g FW) = (1, 000 x Absa70) = (1.9 x Absges) = (63.14 x Absgas )|/214. 


2.5.4. Antioxidant Enzyme Activities 


The catalase (CAT), ascorbate peroxidase (APX), and peroxidase (POX) activities 
were determined using an extract prepared according to Bradford (1976) with some 
modifications. Briefly, fresh leaf samples (0.1 g) were homogenized in 1 mL of 50 
mM sodium phosphate buffer (pH = 7) containing 2 mM «a-dithiothreitol, 0.2% 
Triton X-100, 2 mM EDTA, 50 mM Tris-HCl, and 2% polyvinyl pyrrolidone, and 
mixed for 15 min. The homogenate was then centrifuged at 14,000 g for 30 min at 4 
°C, and the supernatants were used for enzyme assays. 


Catalase Activity. The CAT activity (mol H2O2 min™! mg“! protein) was assayed 
in 3 mL of 50 mM sodium phosphate buffer (pH = 7) containing 50 pL of the 
enzyme extract and 4.51 pL of H2O2. Enzyme activity was determined according 
to Aebi (1983) by measuring the decrease in absorbance for 30 s at 240 nm using a 
spectrophotometer U-1800 (Hitachi). 
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Ascorbate Peroxidase Activity. The APX (unit mg protein“! min™!) activity was 


measured as described by Nakano and Asada (1981) using a reaction mixture 
containing 3 mL of sodium phosphate buffer (pH 7.0), 4.51 pL of H2O2, 100 pL 
of ascorbate, and 50 pL of the enzyme extract. The H2O2-dependent oxidation of 
ascorbate was followed by a decrease in absorbance at 290 nm with an extinction 
constant of 2.8. 


Peroxidase Activity. The POX activity (unit mg protein”' min~') was determined as 
described by Herzog and Fahimi (1973). In a total volume, the reaction mixture 
in contained 3 mL of sodium phosphate buffer (pH 7.0), 4.51 pL of H2O2, 3.35 pL 
of guaiacol, and 50 pL of the enzyme extract. The increase in absorbance due to 
guaiacol oxidation was measured at 470 nm. 


2.5.5. Biomass Irrigation Water Use Efficiency (IWUEb) 


The crop WUE of the biomass produced was calculated as the ratio of dry biomass 
(DBM) at final harvest to water used (WU) by the crop (Tolk & Howell, 2003): 


DBM 
IWUEb = ——. 
WU 


2.5.6. Grain Yield Irrigation Water Use Efficiency of Grain Yields (IWUEg) 


The crop WUE for grain yield (IWUEg) was calculated as the ratio of grain yield 
(GY) at final harvest to the water used by the crop (Tolk & Howell, 2003): 


GY 


2.5.7. Biomass Nitrogen Fertilizer Use Efficiency (NUEb) 


Nitrogen fertilizer use efficiency was defined as the ratio of dry biomass (kg) to N 
(kg) per m? (Frasier et al., 2017): 


DBM 
NUEb = —_. 
NU 


2.5.8. Grain Yield Nitrogen Fertilizer Use Efficiency (NUEg) 


Grain yield nitrogen use efficiency was defined and calculated as the ratio of grain 
yield (kg) to N (kg) used per m* (Muchow & Sinclair, 1994): 


GY 


2.6. Statistical Studies 


Analysis of variance (ANOVA) was performed using the GLM procedure in SAS 
(version 9.1; Cary, North Carolina, USA). The least significant difference test (LSD) 
was used to assess the significance of differences in treatment means at the 5% 
probability level. Furthermore, group comparisons of grain and forage sorghum with 
corn were performed using the SAS software. 


3. Results 
3.1. Shoot Biomass and Grain Yields 


The values obtained for corn shoot biomass and grain yield were significantly 
different (p < 0.01) from those recorded for the same traits in grain and forage 
sorghum genotypes under normal irrigation treatment (Table 3). The shoot biomass 
yields recorded for corn, grain, and forage sorghum genotypes declined under deficit 
irrigation treatment. In addition, the grain yields recorded for corn, grain, and 
forage sorghum genotypes decreased under deficit irrigation treatment (Table 3). 
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Table 3 Statistical analysis group comparisons (among the corn, grain sorghum, and forage sorghum genotypes studied) as well as 
comparisons of means for shoot biomass and grain yields (kg m~) under the two irrigation regimes. 














Irrigation Plant Hybrid Shoot biomass yield (kg m7’) Grain yield (kg m7”) 
Regimes _ types 2016 E-2017 L-2017 Mean 2016 E-2017 L-2017 Mean 
Deficit FS SFOO1 1.14 1.30 1.02 1.15 0.37 0.41 0.33 0.37 
irrigation SF002 1.02 1.35 1.10 1.15 0.43 0.48 0.38 0.43 
(DI) Pegah — 2.03 2.14 1.47 1.88 0.42 0.47 0.36 0.42 
GS MGSS5 1.07 1.37 Ll 1.18 0.63 0.68 0.54 0.62 
GS24 1.44 2.14 141 1.66 0.65 0.89 0.59 0.71 
GS28 0.90 1.22 1.06 1.06 0.58 0.64 0.50 0.57 
C Maxima 1.47 1.78 1.08 1.45 1.05 1.20 0.82 1.02 
Mean 1.29 1.61 1.18 0.59 0.68 0.50 
Normal FS SFOO1 1.88 1.91 L71 1.83 0.52 0.55 0.45 0.50 
irrigation SF002 1.59 1.86 1.72 1.72 0.57 0.61 0.51 0.56 
(NI) Pegah — 32.44 331 2.83 3.19 0.60 0.66 0.51 0.59 
GS MGSS5 L71 1.95 1.69 1.77 0.79 0.83 0.71 0.78 
GS24 2.42 3.37 2.60 2.80 0.91 1.17 0.85 0.98 
GS28 L71 2.23 2.03 1.99 0.85 0.89 0.76 0.84 
C Maxima 2.89 3.09 2.44 2.81 1.54 1.74 1.27 1.52 
Mean 2.23 2.53 2.14 0.83 0.92 0.72 
Statistical analysis for group comparison: 
Trait Cvs. S Cvs. FS Cvs. GS FS vs. GS Cvs. GS vs FS 
DI NI DI NI DI NI DI NI DI NI 
Shoot * >t >t >t >t >t >t >t 
biomass 
yield (kg 
m7?) 
Grain >t >t >t >t >t >t >t >t >t >t 
yield (kg 
m7?) 





Significant at * 0.05, ** 0.01 level; ns - nonsignificant. Environments: 2016 (June 30); E-2017 - early 2017 (June 10); L-2017 - late 2017 (July 11). Irrigation 
regimes: normal irrigation - 55% of the maximum allowable depletion (MAD); deficit irrigation - 85% MAD. Plant types: C - corn hybrid; FS - forage 
sorghum; GS - grain sorghum. 


Significant differences were observed between the two sorghum genotypes in terms 
of shoot biomass and grain yield under normal and deficit irrigation regimes. 
Among the grain sorghum genotypes, SG24 had the highest values for shoot 
biomass and grain yield under both irrigation regimes (Table 3). Among the forage 
sorghum genotypes, Pegah recorded the highest values for shoot biomass under 
both irrigation regimes, while it recorded a reduction of 41% in this trait. Finally, 
both Pegah and SF002 recorded the highest grain yield values under the normal and 
deficit irrigation regimes, respectively (Table 3). 


Under both nitrogen fertilizer treatments, grain and forage sorghum genotypes 
showed significant differences (p < 0.01) in the shoot biomass and grain yield values 
relative to those for the same traits in corn (Table 4). The shoot biomass and grain 
yields of corn as well as grain and forage sorghum genotypes decreased under the 
no-fertilizer treatment (Table 4). 


Under N supply, corn shoot biomass and grain yield were significantly (p < 0.01) 
higher by 20% and 65%, respectively, than the values recorded for grain sorghum 
genotypes and by 14% and 154%, respectively, for forage genotypes (Table 4). 


Significant differences (p < 0.01) in grain yield were also detected between the two 
sorghum genotypes under the N fertilizer and no-fertilizer treatments (Table 4). 
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Table 4 Statistical analysis for group comparisons (among the corn, grain sorghum, and forage sorghum genotypes studied) as well as 
comparisons of means for shoot biomass and grain yields (kg m~) under the two nitrogen fertilizer levels. 














Nitrogen levels Plant Plant Shoot biomass yield (kg m~) Grain yield (kg m~) 
(kg m7?) types types 2016 E-2017 L-2017. Mean 2016 E-2017  =L-2017. Mean 
0 (No) FS SF001 1.26 1.36 1.20 1.28 0.40 0.43 0.36 0.39 
SF002 1.1 1.36 1.24 1.23 0.44 0.48 0.40 0.44 
Pegah 2.38 2.35 1.91 2.21 0.47 0.51 0.40 0.46 
GS MGS5 1.16 1.38 1.23 1.26 0.64 0.68 0.57 0.63 
GS824 1.67 2.42 1.79 1.96 0.71 0.94 0.67 0.77 
GS28 1.15 1.51 1.39 1.35 0.67 0.71 0.59 0.66 
C Maxima 1.94 2.12 1.56 1.87 1.21 1.38 0.99 1.20 
Mean 1.52 1.79 1.47 0.65 0.73 0.57 
112.5 (Nj) FS SF001 1.76 1.84 1.53 1.71 0.49 0.53 0.42 0.48 
SF002 1.51 1.85 1.58 1.64 0.55 0.61 0.49 0.55 
Pegah 3.09 3.10 2.39 2.86 0.55 0.62 0.47 0.55 
GS MGS5 1.62 1.94 1.57 1.71 0.78 0.84 0.68 0.77 
GS24 2.19 3.09 2.22 2.50 0.85 1.12 0.77 0.91 
GS28 1.47 1.93 1.70 1.70 0.76 0.81 0.67 0.75 
C Maxima 2.42 2.77 1.96 2.38 1.38 1.56 1.08 1.34 
Mean 2.01 2.36 1.85 0.77 0.87 0.65 
Statistical analysis for group comparison: 
Trait Cvs. S Cvs. FS Cvs. GS FS vs. GS Cvs. GS vs. FS 
No N) No N) No N) No Ny No N) 


eas eas 


Shoot biomass 
yield (kg m7’) 
Grain yield (kg 
m7) 


te oe 


eas ea as eas + eas 


oe oe Oe te ae oe oe oe 





Significant at * 0.05 and ** 0.01 level; ns - nonsignificant. Environments: 2016 (June 30); E-2017 - early 2017 (June 10); L-2017 - late 2017 (July 11). 
Nitrogen levels: No - 0 N ha~!; Nj - 112.5 kg N ha™!. Plant types: C - corn hybrid; FS — forage sorghum; GS - grain sorghum. 


3.2. Maximum Leaf Area Index and Fv/Fm Ratio 


Significant (p < 0.01) differences were observed under the normal irrigation regime 
between the LAI max and Fv/Fm ratios in corn and the values of these traits in grain 
sorghum genotypes. In deficit irrigation, the differences in these traits between corn 
and forage sorghum genotypes were significant at the 1% level (Table 5, Table 6). 


Under normal irrigation, corn recorded a significantly (p < 0.01) higher LAImax 
value than the values (by 14% and 9%, respectively) measured in grain and forage 
sorghum genotypes (Table 5, Table 6). The two sorghum genotypes tested exhibited 
significant differences between their values for LAI,,,x and Fv/Fm ratio under 
normal and deficit irrigation (Table 5, Table 6). 


The LAI ,ax and Fv/Fm ratio values recorded for corn were significantly different at 
the 1% level from the values recorded for grain sorghum genotypes under the two N 
fertilizer treatments (Table 7, Table 8). The no-fertilizer treatment led to reductions 
of approximately 17% and 9% in LAI max and Fv/Fm ratio, respectively, in corn, 21% 
and 10% in grain sorghum, and 22% and 11% in forage sorghum (Table 7, Table 8). 


A significant difference (p < 0.01) was observed between the two sorghum genotypes 
with respect to LAImax under the two N treatments (Table 7, Table 8). Among the 
forage and grain sorghum genotypes, SFO01 and MGSS had the highest Fv/Fm ratios 
under both N treatments and were the most sensitive genotypes, with reductions of 
12% and 11%, respectively, in this trait (Table 7, Table 8). 


3.3. Photosynthetic Pigments 


The Chl a, Chl b, and Car contents in corn under the deficit irrigation regime 
exhibited significant (p < 0.01) differences from the values obtained for these traits 
in grain sorghum genotypes (Table 5, Table 6). Deficit irrigation reduced the Chl a 
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and Chl b contents by approximately 41% and 45% in corn, 32% and 37% in grain 
sorghum, and 29% and 32% in forage sorghum, respectively. However, the Car 
content increased by 6%, 7%, and 9% in corn, grain, and forage sorghum genotypes, 
respectively, due to water shortage (Table 5, Table 6). 


Significant differences were detected between the two sorghum genotypes with 
respect to their Chl a, Chl b, and Car contents under both normal and deficit 
irrigation regimes (Table 5, Table 6). 


Corn recorded Chl a and Chl b values that were significantly (p < 0.01) higher 

than the values recorded for grain and forage sorghum genotypes under the N 
fertilizer treatment. Corn under the N supply treatment also attained a Car content 
significantly (p < 0.01) higher than the values obtained for grain sorghum genotypes 
(Table 7, Table 8). In contrast, the no N fertilizer treatment led to reductions 

of approximately 15%, 20%, and 7% in Chl a, Chl b, and Car contents in corn, 
reductions of approximately 19%, 23%, and 11% in grain sorghum, and reductions 
of 20%, 24%, and 12% in forage sorghum, respectively (Table 7, Table 8). Significant 
differences in the Chl a, Chl b, and Car contents were observed between the two 
sorghum genotypes under both fertilizer treatments (Table 7, Table 8). 


3.4. Antioxidant Enzyme Activity 


The CAT, APX, and POX enzymes in corn exhibited significantly (p < 0.01) 
improved activities under the deficit irrigation regime when compared with the 
values obtained for these traits in the grain and forage sorghum genotypes (Table 5, 
Table 6). 


Comparisons of the genotypes revealed that the CAT, POX, and APX activities in 
corn under the deficit irrigation regime were significantly (p < 0.01) lower than the 
values measured in grain sorghum genotypes and those measured in forage sorghum 
genotypes (Table 5, Table 6). 


The two sorghum genotypes exhibited significant (p < 0.01) differences in their 
antioxidant enzyme activities compared to the corn plant under deficit irrigation 
regimes (Table 6). Under the N fertilizer treatment, corn exhibited CAT, APX, and 
POX activities that were significantly different at the 1% level compared to those 
recorded by the grain and forage sorghum genotypes (Table 5, Table 6). Under the 
no N fertilizer treatment, these same traits declined in corn, grain sorghum, and 
forage sorghum (Table 7, Table 8). 


The CAT, POX, and APX activities in corn under the N supply treatment were 
significantly (p < 0.01) lower by 8%, 7%, and 14%, respectively, compared to the 
values recorded for these activities in grain sorghum genotypes and by 16%, 8%, 
and 11%, respectively, in forage sorghum genotypes. Moreover, under the no N 
fertilizer treatment, the CAT, POX, and APX activities in corn were significantly 
(p < 0.01) lower than those of the grain sorghum genotypes and forage sorghum 
genotypes (Table 7, Table 8). Under N supply treatment, the grain and forage 
sorghum genotypes showed significant differences in their antioxidant enzyme 
activities compared to the corn plant (Table 7, Table 8). 


3.5. Biomass Irrigation and Grain Yield Irrigation Water Use Efficiency 


Under the normal irrigation regime, corn recorded IWUEb and IWUEg values 
significantly (p < 0.01) different from the values of grain and forage sorghum 
genotypes recorded for these traits. Under the deficit irrigation regime, the values 
of IWUEb and IWUEg recorded by corn were significantly different at the 1% level 
from the values recorded by grain sorghum genotypes for these traits (Table 5, 
Table 6). The IWUEb of corn, grain, and forage sorghum genotypes decreased 

by 37%, 27%, and 24%, respectively, due to the deficit irrigation regime (Table 5, 
Table 6). 


Under the normal irrigation regime, both IWUEb and IWUEg values measured in 
corn were significantly (p < 0.01) higher than the values measured for both grain 
genotypes and forage genotypes (Table 5, Table 6). Corn recorded only IWUEg 
values significantly higher than those measured for grain and forage sorghum 
genotypes (Table 5, Table 6). 
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Significant differences (p < 0.01) were observed between the two sorghum genotypes 
with respect to their IWUEb and IWUEg values under both irrigation treatments 
(Table 5, Table 6). The values of IWUEb and IWUEg measured in grain and forage 
sorghum genotypes were significantly different at the 1% level from those of 

corn under both nitrogen fertilizer treatments (Table 7, Table 8). Deficit N led to 
reductions of 20% and 10%, respectively, in IWUEb and IWUEg values in corn, 22% 
and 14% in grain sorghum, and 23% and 17% in forage sorghum (Table 7, Table 8). 


Under the N supply treatment, corn recorded significantly (p < 0.01) higher values 
of IWUEb and IWUEg than the values measured in grain genotypes as well as 
those in forage genotypes (Table 5, Table 6). Under the no-fertilizer treatment, the 
values for these traits were significantly higher in corn than the values measured 
in grain genotypes, as well as in forage genotypes (Table 7, Table 8). Significant 
differences were also observed between the two sorghum genotypes with respect 
to their IWUEb and IWUEg records under both N treatments (Table 7, Table 8). 


3.6. Biomass Nitrogen Fertilizer and Grain Yield Nitrogen Fertilizer Use Efficiency 


Corn exhibited significant (p < 0.01) differences in grain and forage sorghum 
genotypes with respect to the values they recorded for NUEb and NUEg under 
normal irrigation treatment. Under the deficit irrigation regime, the NUEb and 
NUEg in corn were significantly different at the 1% level from the values obtained 
for these traits in grain sorghum genotypes (Table 5, Table 6). 


Under the normal irrigation regime, corn recorded significantly (p < 0.01) higher 
values of NUEb and NUEg than those recorded for grain genotypes as well as those 
recorded for forage genotypes (Table 5, Table 6). Under the deficit irrigation regime, 
however, only corn recorded significantly (p < 0.01) higher values of NUEg than 
those measured in grain and forage sorghum genotypes (Table 5, Table 6). 


The two sorghum genotypes exhibited significant differences in their values of 
NUEb and NUEg under both irrigation treatments (Table 5, Table 6). The NUEb 
and NUEg values recorded for corn were significantly different at the 1% level 
compared to those recorded for grain and forage sorghum genotypes under both 

N fertilizer treatments (Table 5, Table 6). Deficit N increased the NUEb and NUEg 
by approximately 92% and 118%, respectively, in corn, by 90% and 107% in grain 
sorghum, and by 86% and 101% in forage sorghum (Table 5, Table 6). 


Under N supply, corn recorded significantly (p < 0.01) higher NUEb and NUEg 
values than those recorded by grain genotypes and then those recorded for forage 
genotypes (Table 7, Table 8). Significant differences (p < 0.01) were established 
between the two sorghum genotypes in terms of their NUEg values under both N 
treatments (Table 7, Table 8). 


3.7. Interaction Effects of the Irrigation Regimes and Nitrogen Application Levels 


The interaction effects of the two irrigation regimes and the two N levels applied 
were significant (p < 0.01) for the studied traits, except for the Chl a/Chl b ratio 
(Table 9). Application of N under the normal and deficit irrigation regimes was 
observed to increase the biological yields by 38% and 17%, grain yields by 22% and 
12%, LAl max levels by 34% and 17%, Fv/Fm ratios by 15% and 8%, Chl a content by 
30% and 17%, Chl b content by 38% and 19%, Car content by 18% and 8%, IWUEb 
values by 38% and 17%, and IWUEg values by 27% and 12%, respectively. However, 
it decreased the NUEb values by 44% and 52% and NUEg values by 50% and 54%, 
respectively, under the same conditions (Table 9). Nitrogen applied only under the 
deficit irrigation regime led to increased CAT, POX, and APX activities by 10%, 
10%, and 13%, respectively (Table 9). 


4. Discussion 


Increasing productivity in cropping systems by selecting the right crop in terms 
of water use is a major challenge, mainly in water-scarce areas. Under water- 
limited conditions, there is always hesitation among forage producers regarding 
the selection of corn, grain, or forage sorghum in order to produce the maximum 
quality forage for livestock units. Therefore, in the present study, corn, grain 
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sorghum, and forage sorghum cultivation systems were compared under two 
different irrigation regimes and N supply conditions. Considerable variation was 
observed in forage yield among the sorghum genotypes (Table 3). Other studies 
have also observed considerable genetic variation among sorghum genotypes under 
different stress conditions (Kapanigowda et al., 2013; Mutava et al., 2011). Pegah 
and GS24 from the forage and grain sorghum genotypes exhibited higher potential 
for dry matter production (Table 3, Table 4). Due to the negative consequences of 
water-limited stress (Cakir, 2004; Farré & Faci, 2006; Liu et al., 2013), the grain 

and biomass yields of the corn hybrids were lower than those of the sorghum 
genotypes (Table 3). These results have been confirmed by other researchers (Farré 
& Faci, 2006; Muchow, 1989). Moreover, SG28 exhibited the highest reductions in 
shoot biomass and grain yield; therefore, it was identified as the genotype that was 
the most sensitive to water scarcity (Table 3). Among forage sorghum genotypes, 
Pegah recorded the highest values for shoot biomass under both irrigation regimes, 
while it was identified as the one most sensitive to water shortage. In addition, the 
early June planting dates of these crops were superior to those of late July (Table 3, 
Table 4). However, the higher potential sorghum genotypes recorded total dry 
biomass (shoot biomass and grain yield) values that were similar to those of corn 
under both normal and deficit irrigation regimes (Table 3 and Figure 1). While the 
grain share of the total biomass in the corn hybrid, GS24 and Pegah were 35%, 26%, 
and 16%, respectively, under the normal irrigation regime (Figure 1A), this was 
41%, 30%, and 18%, respectively, under the deficit irrigation regime (Figure 1B). 
Therefore, it may be claimed that, despite identical production rates, the corn forage 
due to the higher grain percentage will be of higher quality than that of sorghum, 
even under deficit irrigation regimes (Figure 1B). Due to the high digestibility of 
grains, a high grain yield is important because of the superior nutritive value of the 
forage produced (Millner et al., 2005). This is the reason why grain hybrids with 
the highest grain yields are selected in North America for corn silage production 
(Vattikonda & Hunter, 1983). 


Water use efficiency for grain production is an important physiological trait that 
indicates the ability of plants to resist and survive water shortage conditions. 

This trait is affected by factors such as climate, soil conditions, and plant-related 
parameters (Asseng et al., 2001). In the current study, the drip irrigation system 
was used to apply 5,500 and 4,400 m? ha™! of water under two normal and deficit 
irrigation treatments, respectively. Some researchers have reported that water use 
efficiency increases due to water scarcity stress (Pandey et al., 2000; Seghatoleslami 
et al., 2008), while others have shown that water stress could decrease it because of 
the decline in the net photosynthetic rate, Fv/Fm ratio, stomatal conductance, leaf 
area, and dry biomass yield (Cechin, 1998; Munamava & Riddoch, 2001; Rahman 
et al., 2004). Regarding the fixed values of irrigation and N fertilizer applied in this 
study, the genotypes with higher biomass and grain yields showed higher values of 
IWUE and NUE for both grain and biomass segments (Table 5, Table 6). 


Despite the fact that WUE in corn was higher than the values recorded for grain and 
forage sorghum genotypes (Table 5, Table 6), Pegah, characterized by a high yield 
potential, recorded higher values for IWUEb and NUEb in comparison to those 

of corn under the normal irrigation regime. In contrast, these traits in the GS24 

of high yield potential did not record values significantly different from those of 
corn (Table 5). Under the deficit irrigation regime, the IWUEb and NUEb values 
in Pegah and GS24 were higher than those in the corn hybrid (Table 6). However, 
IWUEg and NUEg in corn were significantly higher under both irrigation regimes, 
in comparison to those recorded for even the high-yield potential genotypes of 
grain and forage sorghum (Table 5, Table 6). Similarly, a lower WUE in maize, as 
compared to sorghum, has been reported by Amaducci et al. (2016), although the 
values of this attribute could also be affected by some irrigation treatments due to 
water-limited stress at the critical growth stages (Tolk & Howell, 2003). 


Under water scarcity, the amount of N fertilizer used is another concern for crop 
production systems, with both economic and environmental consequences. In the 
present study, the shoot biomass and grain yields of different crops were observed 
to increase because of N application; however, the effect of this increase was 
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Figure 1 Effects of normal (A) and deficit irrigation (B) regimes on shoot biomass and 
grain yields in corn as well as grain and forage sorghum genotypes. Error bars are related 
to the amount of total dry matter yield (grain + shoot biomass). 


more obvious in the forage sorghum genotypes (Table 4). This increase could be 
logically acceptable because of the main macronutrient effects of N on the structural 
and functional mechanisms of plants (Di Paolo & Rinaldi, 2008; Sawargaonkar 

et al., 2013; Zhao et al., 2005). Compared to the corn hybrid, Pegah and GS24 
recorded higher shoot biomass yields in both the absence and presence of N fertilizer 
(Table 4). However, corn exhibited absolute superiority in terms of grain yield. 
Under both N fertilizer treatments, the corn grain yields were 2.5 and 1.5 times 
more than those of Pegah and GS24, respectively (Table 4). The total biomass of 

the corn hybrid was greater than that recorded for Pegah and GS24 under the two 

N treatments (Figure 2). However, the grain to total biomass ratios of 39%, 28%, 
and 17% were measured for the corn hybrid, GS24, and Pegah, respectively, under 
no N treatment (Figure 2A). These ratios were changed to 36%, 27%, and 16% when 
N was applied at 112.5 kg ha! (Figure 2B). Therefore, regardless of the amount of 
yield, due to the share of grain, the quality of the corn forage was higher in both N 
treatments. 


The identification of effective physiological characteristics in different cropping 
systems of field crops could has a significant impact on improving production. 
Among the studied physiological traits, LAlmax played a major role in increasing 
the dry matter produced under the normal irrigation regime (Table 5). Leaf area 
development is a critical index of photosynthetic activity as it plays a pivotal role 
in producing biomass and increasing grain yield (Rajcan & Tollenaar, 1999). In 
addition, the ability of a plant to maintain a larger leaf area and to grow under 
prolonged stress during their vegetative stage, defined as stress tolerance, in 
comparison to those with greater leaf areas, would obviously produce greater yields 
(Farooq et al., 2009; Farré & Faci, 2006). However, it was observed that LAI max 
values in corn, as well as grain and forage sorghum genotypes, decreased due to 
deficit irrigation. Overall, no significant differences in photosynthetic pigments 
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Figure 2 Effects of no-nitrogen treatment (A) and nitrogen application (B) on shoot 
biomass and grain yields in corn as well as grain and forage sorghum genotypes. Error bars 
are related to the amount of total dry matter yield (grain + shoot biomass). 


and antioxidant defense systems were observed in the present study among maize, 
grain sorghum, and forage sorghum genotypes under the normal irrigation regime 
(Table 5). 


Under the deficit irrigation regime, however, the higher Chl a/Chl b ratios and the 
lower antioxidant enzyme activities in corn hybrid, GS24, and Pegah were possibly 
due to their high yields (Table 6). Reportedly, the Chl a/Chl b ratio is positively 
correlated with the ratio of the photosystem II centers to the light-harvesting Chl 
a protein complex (Terashima & Hikosaka, 1995). In this regard, Devnarain et al. 
(2016) stated that the ability of a plant to maintain both Chl and Car levels during 
water-limited stress and moderate re-watering may indicate that the photosynthetic 
apparatus of the sorghum landraces is not functionally damaged as a result of the 
imposed water deficits. In their experiment, Devnarain et al. (2016) recorded 
significantly higher Chl and Car contents in two sorghum landraces subjected to 
severe stress. 


Except for the Chl a/Chl b ratio, all other physiological traits studied were observed 
to improve as a result of applying N fertilizer. Nitrogen application (112.5 kg vs. 0 
kg ha!) led to the enhancement of the LAI max, Fv/Fm ratio, Chl a, Chl b, and Car 
concentrations, and the activities of CAT, POX, and APX. However, it decreased 
the Chl a/Chl b ratios in the above genotypes (Table 7). Zhao et al. (2005) found 
significantly reduced LA and leaf chlorophyll content in sorghum as a result of N 
deficiency. Huang et al. (2004) also reported that the activities of the three key 
antioxidant enzymes (i.e., CAT, POD, and SOD) exhibited a decreasing trend as 

N deficiency progressed. The corn hybrid, Pegah, and GS24 in the present study 
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showed higher values of LAI max and Chl a/Chl b ratio under the no N treatment, but 
only higher values of LAI max under the N application treatment were found (Table 7, 
Table 8). 


The positive effects of N fertilizer on plants assumed a declining trend due to water 
deprivation stress (Table 9). This observation is in line with the report of Di Paolo 
and Rinaldi (2008), who claimed that the effect of N availability was amplified in a 
maximum irrigation regime. In the present study, the declining trend in the effects 
was associated with lower increases in the shoot biomass yield, grain yield, LAI max, 
Fv/Fm ratio, Chl a, Chl b, Car content, IWUEb, and IWUEg under the deficit 
irrigation regime relative to those achieved under the normal irrigation regime 
(Table 9). 


However, the negative effects of the N supply were larger on NUEb and NUEg under 
the deficit irrigation treatment, so the reductions in these two traits were greater 
than those under the normal irrigation treatment. These findings were in line with 
those reported by Muchow (1998), who observed that NUE declined in corn and 
sorghum when N was supplied at high levels or when the plant growth was limited 
by the moisture supply. 


Under well-irrigated conditions, in the present study, N application did not affect 
the CAT, POX, or APX activities, while it did increase these activities under the 
deficit irrigation treatment (Table 9). Finally, the N supply was observed to reduce 
the negative effects of water-limited stress in the deficit irrigation treatment at 85% 
MAD by increasing the plant shoot biomass and grain yields as a consequence of the 
increases achieved not only in the LAI max, Chl a, Chl b, and Car content, but also 
those related to the activities of the antioxidant enzymes tested (Table 9). Nitrogen 
nutrition in general could moderate the negative effects of water deficit stress by 
stimulating antioxidant activities and osmoregulation, mitigating lipid peroxidation, 
and ameliorating plant physiological traits (Nematpour et al., 2019). 


5. Conclusions 


This study revealed significant differences between grain and forage sorghum 
genotypes in terms of dry matter production. Although the effect of water shortage 
stress on corn crop was greater than that of the studied sorghum genotypes, the 
biomass yield produced in the corn hybrid was superior under both irrigation 
conditions. The grain share of the total biomass in corn was found to be higher 
than that of the grain and forage sorghum genotypes. The IWUEb and NUEb in 
Pegah and GS24 were higher than those in the corn hybrid. However, the IWUEg 
and NUEg in corn were higher under both irrigation regimes. In addition, the 
early June planting dates of these crops were superior to those of late July. Nitrogen 
supply was observed to reduce the negative effects of water-limited stress not only 
by increasing plant LAI max, Chl a, Chl b, and Car contents, but also by enhancing 
the antioxidant enzyme activities of CAT, APX, and POX. In future studies, the 
qualitative parameters of the silage types produced in different treatments, as 
explained above, may be suggested for further investigation and evaluation. 
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